The study to be presented was undertaken with the concept that the factors regulating the transport of cholesterol and the control of cholesterol levels in human blood are part of a homeostatic physiological system similar to haptoglobins,l transferrings2 so-called natural antibodies, and hormone carriers.' They constitute an immunological mechanism concerned with the preservation of the norm. Accordingly, attention turned to the use of immunological methods in an effort to determine whether specific reactions between cholesterol and serum proteins could be demonstrated. The simplicity of these methods for recognition and identification of the reactive components in serum appeared to have distinct advantages over the conventional biochemical procedures. Several immediate problems had to be met, such as a technique for putting cholesterol into a solution which is stable in aqueous medium and will diffuse in an agar or other suitable transparent gel. The present paper describes the demonstration of a specific reaction between a serum globulin and cholesterol by means of Ouchterlony plate diffusion4 and agar gel immunoelectrophoresis.5 The serum component has been termed transcholesterin.
Materials And Methods.-Serum samples: Pooled and individual fresh sera were obtained from healthy blood donors.
Lipoprotein and lipoprotein-free serum preparations: Preparative ultracentrifugal flotation was carried out according to Lewis, Green, and Page' at solvent density of 1.21 Immunoelectrophoresis: The procedures used in the production of purified agar, buffer solutions, preparation of agar gel-plated slides, and electrophoretic separation were described by Hirschfeld.5 A 0.01-ml sample of serum was applied on the agar gel. Electrophoretic separation was carried out at room temperature for 2 hr employing a Shandon electrophoresis apparatus with power supply type 2523 MK II at a potential gradient of 7-8 v/cm. Under these conditions the albumin migrated about 4 cm. After the separation was completed, the slides were placed in a humid chamber; a trough was prepared in the center of the slide and was charged with 0.07 ml of either Teepol "L" (an alkyl sulfate detergent, pharmaceutical grade, obtained from Edward Gurr, Ltd., London (3) Specificity of the precipitin-like reaction in the a-/3 globulin region: The data in Table 1 show that of the various substances tested for the visible reaction of agar gel immunoelectrophoresis with human serum, only cholesterol dissolved in Teepol "L," dihydrocholesterol in Teepol "L" solution, and Tween 20 (1.6% solution in isotonic saline) were able to give positive reaction. Cholesterol esters with the fatty acid hooked onto the cholesterol hydroxyl group in ester linkage did not produce the precipitin-like reaction. It would seem that this reaction is specific for cholesterol molecule with its free hydroxyl as a reactive site. However, the saturation of the double bond in the cholesterol structure did not affect the capability of dihydrocholesterol to react in the a-: globulin region. Other steroid homologues such as hormones and vitamin D3 were tested and no reaction resulted. Free fatty acids were used in order to determine if they would react with the serum globulins in this system and again negative results were obtained. The results are presented in Figure 4 . This line was stainable with Oil Red 0 and did not become less distinct with prolonged incubation (i.e., for time longer than 24 hr) in contrast to that of Teepol "L"-cholesterol. Since Tween 20 alone is capable In vitro studies involving binding of cholesterol onto serum lipoproteins have been conducted by Avigan21 who, by an ingenious method of coating celite particles with cholesterol-C'4 and then by passing serum through this cholesterol-coated celite column, was able to show the binding of cholesterol onto serum lipoproteins. Whereat and Staple22 found that cholesterol-C14 in a Tween 20 dispersion readily exchanged with the cholesterol of plasma lipoproteins. Cholesterol has very limited solubility in any aqueous medium and, in order to be soluble in serum, a transport system is required.
Two types of transport system for cholesterol in the serum are considered. One involves the serum lipoproteins. The lipoproteins have been implicated in the solubilization of added cholesterol2' in serum. However, the lack of specificity with respect to the kinds of lipid bound to lipoproteins would suggest that the phenomenon is due to physical solution of the lipids by the lipid phase of the lipoproteins rather than by an interaction with specific sites on the protein moiety of the molecule. Recent studies by Scanu and Hughes23 have demonstrated that the protein of a,-lipoproteins delipidated by an alcohol-ether extraction procedure has great avidity under both in vitro and in vivo conditions for lipids similar to those extracted. Oncley24 has considered the protein moiety of a lipoprotein to be an apolipoprotein with much more highly developed specificity for lipid binding and he has thought of the fully conjugated lipoprotein as consisting of an apolipoprotein mnonolayer around a lipid core. It is quite possible that sonie of the cholesterol is transported as apolipoprotein-lipid-cholesterol complexes.
A second transport mechanism is visualized as the cholesterol-combining globulin demonstrated in the present studies. The data presented in this report clearly support the concept of a specific type of binding of lipoprotein-free serum globulin for cholesterol. The isolation of a cortisol-binding a,-glycoprotein from plasma of diethylstilbesterol-treated men'-further demonstrates the importance of a trace protein for the specific interaction with one class of steroid hormones. Analogous to transferrin, the cortisol-binding protein has been designated "Transcortin" by Slaunwhite and Sandberg.26 The existence of this protein, transcortin, in human serum with a great avidity for cortisol in vitro during equilibrium dialysis has provided the fact that this specific protein may be involved in the physiological control and transport of this hormone. Similarly, the capacity of a-,8 globulin to bind cholesterol specifically may be the primary means by which cholesterol is being transported to the various tissues and organs where it is being transformed into biologically active steroid hormones27 and also metabolized38 into conjugated products to be excreted. On that basis, the name of "transcholesterin" is proposed for this component. There is a possibility that transcholesterin may actually constitute a system of several proteins rather than a single one. This is suggested by the broad cholesterol interaction line which is visible in the a-3 globulin region of the serum immunoelectrophoresis. Furthermore, the spreading of the transcholesterin activity in the whole spectrum of serum a-dt globulins when partially separated by zone electrophoresis on starch also points to that possibility. The electrophoretic mobility, nondializability through visking casing, and specificity of interaction, all in all, indicate that the transcholesterin is macromolecular in nature with certain definite tertiary configurational binding sites expected of a protein.
The mechanism of in vitro interaction of cholesterol with transcholesterin is not fully established. However, that the structure of the cholesterol-transcholesterin complexes could be similar to the one proposed by Folch-Pi29 for proteolipids consisting of a protein core covered by a lipid shell may be supported by the failure of the complex to be stained by protein stains. The specificity of the immunological type of reaction between cholesterol-transcholesterin would clearly require the stereochemical configuration of cholesterol and the specific steric structure of the individual protein, providing available reactive groups for binding of the cholesterol. Furthermore, Van der Waals forces, hydrogen bonding, and various forms of hydrophobic bonding may likely occur between hydrocarbon chains of cholesterol and aliphatic branched chains of a number of amino acids present in the transcholesterin. Thus, the direct binding of cholesterol to specific sites of the protein molecule appears responsible for the combination of cholesterol with transcholesterin.
In atherosclerosis, where there is a tendency to deposit cholesterol in plaques in vessel walls, the capacity of the transcholesterin to carry smaller or larger amounts of cholesterol may actually be the primary determining factor in the homeostatic control of serum cholesterol level.
Summary.-With an immunoelectrophoretic technique in agar gel involving the use of human serum, a broad reaction line was observed in the a-,8 globulin region after diffusion with cholesterol dissolved in Teepol "L." Human lipoprotein-free serum, obtained by ultracentrifugation in a salt solution of density 1.21 , when subjected to immunoelectrophoresis produced the same result. Hence, this system which may constitute a class of proteins is designated as transcholesterin. Lipoproteins, likewise, produced a cholesterol reaction line under the same conditions. These lines were not stained with either protein or lipid stains, whereas the line formed with Tween 20 was stainable. The proposed structure of the cholesterol-transcholesterin complex consisting of a protein core covered by a surface layer of cholesterol would be consistent with the negative staining property of this complex. The findings provide evidence that in human sera there is a specific cholesterol-binding globulin which may serve as a specific transport system for cholesterol. The uptake of either calcium or manganese by isolated mitochondria is now recognized to consist of a burst of respiration, a cycle of oxidation-reduction of cytochrome b and the pyridine nucleotides, and the production of hydrogen ions. '-5 Cation accumulation is an energy-dependent reaction supported either by substrate oxidation or ATP hydrolysis' leading to the conclusion that a high-energy intermediate of oxidative phosphorylation is involved. The nature of this involvement is not clear. Both Saris5 and Chappell2, 6 have emphasized the importance of hydrogen ion ejection as an early response to cation addition. These observations have led to the proposal that the primary basis for cation transport is an outwardly directed H+ pump,6' 7 the hydrogen ions being generated during the flow of reducing equivalents through the respiratory chain with the added assumption of a membrane impermeable to H+. This proposal is an extension of that initially advanced by Davies and Krebs,8 by Mitchell,9 and by Robertson.'0
If an H+ pump does exist, one of its measurable properties should be a stoichiometry between H+ production and electron transport, i.e., oxygen consumption. One of the difficulties in obtaining a clear insight into this relationship has been the
